The question of Jewish ancestry has been the subject of controversy for over two centuries and has yet to be resolved. The "Rhineland Hypothesis" proposes that Eastern European Jews emerged from a small group of German Jews who migrated eastward and expanded rapidly.
Introduction
Contemporary Eastern European Jews comprise the largest ethno-religious aggregate of modern Jewish communities, accounting for nearly 90% of over 13 million Jews worldwide (United Jewish Communities 2003) . Speculated to have emerged from a small Central European founder group and maintained high endogamy, Eastern European Jews are considered invaluable subjects in disease studies (Carmeli 2004) , although their ancestry remains debatable among geneticists, historians, and linguists (Wexler 1993; Brook 2006) . Because correcting for population structure and using suitable controls are critical in medical studies, it is vital to test the different hypotheses pertaining to explain the ancestry of Eastern European Jews. One of the major challenges for any hypothesis is to explain the massive presence of Jews in Eastern Europe, (Dinur 1961; Sand 2009 ). It is unclear whether these migrants joined the existing Judaized Greco-Roman communities and the extent of their contribution to the Southern European gene pool. The second wave occurred at the beginning of the 15 th century by a group of 50,000 German Jews who migrated eastward and ushered an apparent hyper-baby-boom era for half a millennia affecting only Eastern Europe Jews (Atzmon et al. 2010) . The annual growth rate that accounted for the populations' rapid expansion from this small group was estimated at 1.7-2% (Straten 2007) , twice the rate of any documented babyboom period and lasting 20 times longer. This growth rate is also one order of magnitude larger than that of Eastern European non-Jews in the 15 th -17 th centuries. The Rhineland Hypothesis predicts a Middle Easter ancestry to European Jews and high genetic similarity among European Jews (Ostrer 2001; Atzmon et al. 2010; Behar et al. 2010 ).
The competing "Khazarian Hypothesis" considers Eastern European Jews the descendants of ancient and late Judeans who joined the Khazars, a confederation of Slavic, Scythian, Sabirs, Finno-Ugrian, Alan, Avars, Iranian, and Turkish tribes who formed in the northern Caucasus one of most powerful and pluralistic empires during the late Iron Age and converted to Judaism in the 8 th century CE (Figures 1-2) (Polak 1951; Brook 2006; Sand 2009 ). The Khazarian, Armenian, and Georgian populations forged from this amalgamation of tribes (Polak 1951) , followed by high levels of isolation, differentiation, and genetic drift in situ (Balanovsky et al. 2011 ). The population structure of the Judeo-Khazars was further reshaped by multiple migrations of Jews from the Byzantine Empire and Caliphate to the Khazarian Empire ( Figure   1 ). The collapse of the Khazar Empire followed by the Black Death (1347-1348) accelerated the progressive depopulation of Khazaria (Baron 1993) in favor of the rising Polish Kingdom and Hungary (Polak 1951) . The newcomers mixed with the existing Jewish communities established during the uprise of Khazaria and spread to Central and Western Europe. The Khazarian Hypothesis predicts that European Jews comprise of Caucasus, European, and Middle Eastern ancestries and is distinct from the Rhineland Hypothesis in the existence of a large genetic signature of Caucasus populations. Because some Eastern European Jews migrated west and admixed with the neighboring Jewish and non-Jewish populations they became distinct from the remaining Eastern European Jews. Therefore, different European Jewish communities are expected to be heterogeneous. Alternative hypotheses, such as the "Greco-Roman Hypothesis" (Zoossmann-Diskin 2010), were also proposed to explain the origins of European Jews; however, they do not explain the massive presence of Eastern Europeans Jews in the 20 th century and therefore were not tested here.
Many genetic studies attempting to settle these competing hypotheses yielded inconsistent results. Some studies pointed at the genetic similarity between European Jews and Middle Eastern populations such as Palestinians (Hammer et al. 2000; Nebel et al. 2000; Atzmon et al. 2010 ), while few pointed at the similarity to Caucasus populations like Adygei (Behar et al. 2003; Levy-Coffman 2005; Kopelman et al. 2009 ), and others pointed at the similarity to Southern European populations like Italians (Atzmon et al. 2010; Zoossmann-Diskin 2010) .
Most of these studies were done in the pre-genomewide era, using uniparental markers and included different reference populations, which makes it difficult to compare their results. More recent studies employing whole genome data reported high genetic similarity of European Jews to Druze, Italian, and Middle Eastern populations (Atzmon et al. 2010; Behar et al. 2010 ).
Motivated by the recent availability of genome-wide data for key populations, the current study aims to uncover the ancestry of Eastern and Central European Jews by contrasting the Rhineland and Khazarian Hypotheses. These hypotheses were tested here by comparing the biogeographical genetic profile of European Jews with indigenous Middle Eastern and Caucasus populations using a wide set of population genetic tools including principal component analyses (PCAs), identification of the biogeographical origins of European Jews, admixture, identity by descent (IBD), allele sharing distance (ASD), and finally by comparing haplogroup frequencies of Y and mtDNA.
As the Judeans and Khazars have been vanquished and their remains have yet to be sequenced, in accordance with previous studies (Levy-Coffman 2005; Kopelman et al. 2009; Atzmon et al. 2010; Behar et al. 2010) , contemporary Middle Eastern and Caucasus populations were used as surrogates. Palestinians were considered Proto-Judeans because they shared a similar linguistic, ethnic, and geographic background with the Judeans and were shown to share common ancestry with European Jews (Bonné-Tamir and Adam 1992; Nebel et al. 2000; Atzmon et al. 2010; Behar et al. 2010) . Similarly, Caucasus Armenian and Georgians were considered Proto-Khazars because they emerged from the same cohort as the Khazars (Polak 1951; Dvornik 1962; Brook 2006) . Mitochondrial DNA (mtDNA) analyses corroborated the genetic similarity between Armenians and Georgians (Behar et al. 2010 ) and estimated their approximate divergence time from the Turks and Iranians 600 and 360 generations ago, respectively (Schonberg et al. 2011) .
Although both the Rhineland and Khazarian Hypotheses depict a Judean ancestry and are not mutually exclusive, they are well distinguished, as Caucasus and Semitic populations are considered ethnically and linguistically distinct (Patai and Patai 1975; Wexler 1993; Balanovsky et al. 2011) . Jews, according to either hypothesis, are an assortment of tribes who accepted Judaism and maintained it up to this date and are, therefore, expected to exhibit certain heterogeneity with their neighboring populations. Because, according to both hypotheses, Eastern European Jews arrived in Eastern Europe roughly at the same time (13 th and 15 th centuries), we assumed that they experienced similar low and fixed admixture rates with the neighboring populations, estimated at 0.5% per generation over the past 50 generations (Ostrer 2001 ). These relatively recent admixtures have likely reshaped the population structure of all European Jews and increased the genetic distances from the Caucasus or Middle Eastern populations. Therefore, we do not expect to achieve perfect matching with the surrogate populations but rather to estimate their relatedness.
Materials and Methods
Data analysis. The complete data set contained 1,287 unrelated individuals of 8 Jewish and 74 non-Jewish populations genotyped over 531,315 autosomal single nucleotide polymorphisms (SNPs). An LD-pruned data set was created by removing one member of any pair of SNPs in strong LD (r 2 >0.4) in windows of 200 SNPs (sliding the window by 25 SNPs at a time) using indep-pairwise in PLINK (Purcell et al. 2007 ). This yielded a total of 221,558 autosomal SNPs that were chosen for all autosomal analyses except the IBD analysis that utilized the complete data set. Both data sets were obtained from http://www.evolutsioon.ut.ee/MAIT/jew_data/ (Behar et al. 2010) . MtDNA and Y chromosomal data were obtained from previously published data sets as appear in Behar et al. (2010) . These markers were chosen to match the phylogenetic level of resolution achieved in previously reported data sets and represent a diversified set of markers. A total of 6,089 and 5,303 samples were assembled for mtDNA and Y chromosomal analyses, respectively, from 27 populations (Tables S1, S2).
In common parlance, Eastern and Central European Jews are practically synonymous with Ashkenazi Jews and are considered a single entity (Tian et al. 2008; Atzmon et al. 2010; Behar et al. 2010) . However, the term is misleading, for the Hebrew word "Ashkenaz" was applied to Germany in mediaeval rabbinical literature -thus contributing to the narrative that modern Eastern European Jewry originated on the Rhine. We thus refrained from using the term "Ashkenazi Jews." Jews were roughly subdivided into Eastern (Belorussia, Latvia, Poland, and Romania) and Central (Germany, Netherland, and Austria) European Jews. In congruence with the literature that considers "Ashkenazi Jews" distinct from "Sephardic Jews," we excluded the later. Small populations (<7 samples) were excluded from the PC and IBD analyses. Complete population notation is described in Table S3 .
Principal component analysis (PCA). PCA calculations were carried out using smartpca of the EIGENSOFT package . To circumvent biases caused by unequal number of populations McVean 2009 ), we developed a simple dual-PCA framework consisting of three "outgroup" populations that are available in large sample sizes and are the least admixed: Mbuti and Biaka Pygmies (Africa), French Basques (Europe), and Han Chinese (Asia) and two populations of interest -all of equal sample sizes. The cornerstone of this framework is that it minimizes the number of significant PCs to four or fewer (Tracy-Widom test, p<0.01) and maximizes the portion of explained variance to over 20% for the first two PCs. Convex hulls were calculated using Matlab "convhull" function and plotted around the cluster centroids. Relatedness between two populations of interest was estimated by the commensurate overlap of their clusters.
Estimating the biogeographical origins of population. To decrease the bias caused by multiple populations of uneven size McVean 2009 ), we used the dual-PCA framework of three outgroup populations and two populations of interest: a population of known geographical origin during the relevant time period shown to cluster with the population of interest and the population in question. The first four populations were used as a training set for the population in question. PCA calculations were carried out as described above. The rotation angle of PC1-PC2 coordinates was calculated as described by Novembre et al. (2008) .
Briefly, in each figure the PC axes were rotated to find the angle that maximizes the summed Identity by descent (IBD) analysis. To detect IBD segments we ran fastIBD ten times using different random seeds and combined the results as described by Browning and Browning (2011) . Segments were considered to be IBD only if the fastIBD score of the combined analysis was less than e -10
. This low threshold corresponds to long shared haplotypes (≥1 cM) that are likely to be IBD. Short Gaps (<50 indexes) separating long domains were assumed to be falsenegative and concatenated. Pairwise-IBD segments between European Jews and different populations were obtained by finding the maximum total IBD sharing between each European Jew and all other individuals of a particular population.
Allele sharing distances (ASD). ASD was used for measuring genetic distances between
populations as it is less sensitive to small sample sizes than other methods. Pairwise ASD was calculated using PLINK (Purcell et al. 2007) , and the average ASD between populations I and J, was computed as: (2010), we adopted a bootstrap procedure of 1000 repeats accounting for variance resulting from both sample and site selection to determine the significance of differences in ASD in each row in Table 1 (calculated separately for Jewish and non-Jewish communities) (Tables S4-S6 ). The same approach was also used to calculate the standard errors in ASD estimates (Table S7 ).
Uniparental analysis.
To infer the migration patterns of European Jews, we integrated haplogroup data from over 11,300 uniparental chromosomes with geographical data. The haplogroup frequencies were then compared between populations to obtain a measure of distance between populations. Pairwise genetic distances between population haplogroups (Tables S1-S2) were estimated by applying the Kronecker function as implemented in Arlequin version 3.1 (Excoffier, Laval, and Schneider 2005) . In brief, similarity between populations was defined as the fraction of haplogroups that the two populations share as measured by the Kronecker
which equals 1 if the haplogroup frequency of the i-th haplogroup is non-zero for both populations and equals 0 otherwise. In other words, populations sharing the same exact haplogroups or their mutual absence are considered more genetically similar than populations with different haplogroups. For brevity, we considered only haplogroups with frequencies higher than 0.5%. This measure has several desirable properties that make it an excellent measure for estimating genetic distance between populations, such as a simple interpretation in terms of homogeneity and applicability to both mtDNA and Y chromosomal data.
Results
PCA was used to identify independent dimensions that capture most of the information in the data. Although PCA has many attractive properties, it should be practiced with caution to circumvent biases due to the choice of populations and varying sample sizes McVean 2009 ). We applied PCA using two frameworks: the "multi-population" carried for all populations ( Figure 3 ) and separately for Eurasian populations along with Pygmies and Han Chinese ( Figure S2 ) and our novel "dual-population" consisting of three "outgroup" populations and two populations of interest ( Figure S3 ). In all analyses, the studied samples aligned along the To locate the biogeographical origin of a population, Novembre et al. (2008) proposed a PCAbased approach, accurate to a few hundred kilometers. We implemented this approach using a dual-PCA framework to reduce sample biases. To demonstrate the accuracy of this approach, we first sought to identify the biogeographical origin of Druze (Hitti 1928) . We traced Druze biogeographical origin to the geographical coordinates: 38. The duration, direction, and rate of gene flow between populations determine the proportion of admixture and the total length of chromosomal segments that are identical by descent (IBD).
Admixture calculations were carried out using a supervised learning approach in a structure-like analysis. This approach has many advantages over the unsupervised approach that not only traces ancestry to K abstract unmixed populations under the assumption that they evolved Our results expand the previous report of high endogamy in Jewish populations (Behar et al. 2010 ) and narrow the endogamy to regional Jewish communities ( Figure 1 ). Table 1 ). While the Middle Eastern ancestry faded in the ASD and uniparental analyses, the Southern European ancestry was upheld probably attesting to its later time period (Table 1 and Figure 7 ).
Discussion

Eastern and Central European
We show that the Khazarian Hypothesis offers a comprehensive explanation to the results, including the reported Southern European (Atzmon et al. 2010; Zoossmann-Diskin 2010) and Middle Eastern ancestries (Nebel et al. 2000; Behar et al. 2010) . By contrast, the Rhineland Historical and archeological findings shed light on the demographic events followed the Khazars' conversion. During the half millennium (740-1250 CE) of their existence, the JudeoKhazars sent offshoots into the Slavic lands, such as Romania and Hungary (Baron 1993) , planting the seeds of a great Jewish community to later rise in the Khazarian diaspora. We hypothesize that the settlement of Judeo-Khazars in Eastern Europe was achieved by serial founding events, whereby populations expanded from the Caucasus into Eastern and Central
Europe by successive splits, with daughter populations expanding to new territories following changes in socio-political conditions (Gilbert 1993) . As a result, the Jewish communities along the Caucasus borders appear more heterogeneous than other Jewish communities (Table 1) , assuming an even and low admixture rate.
After the decline of their Empire, the Judeo-Khazars refugees sought shelter in the emerging Polish Kingdom and other Eastern European communities, where their expertise in economics, finances, and politics were valued. Prior to their exodus, the Judeo-Khazar population was estimated to be half a million in size, the same as the number of Jews in the Polish-Lithuanian kingdom four centuries later (Polak 1951; Koestler 1976 Table 1 ) is particularly bewildering because Armenians and Georgians are very similar populations that share a similar genetic background (Schonberg et al. 2011 ) and long history of cultural relations (Payaslian 2007 ). We identified a small Middle Eastern ancestry in Armenians that does not exist in Georgians and is likely responsible to the high genetic similarity between Armenians and European Jews ( Figure S6 ). Because the Khazars blocked the Arab approach to the Caucasus, we suspect that this ancestry was introduced by the Judeans arriving at a very early date to Armenia and were absorbed into the populations, whereas Georgian Jewry remained distinct (Shapira 2007) . Similarly, the relatedness between European Jews and Druze reported here and in the literature (Behar et al. 2010 ) is explained by Druze Turkish-Southern Caucasus origins. Druze intermarried with a larger heterogeneous population of converts to Judaism from the Caucasus, the Balkans, and the Germano-Sorb lands (Wexler 1993) . Yiddish, the language of Central and Eastern European Jews, began as a Slavic language that was re-lexified to High German at an early date (Wexler 1993) . Our findings are also in agreement with genetic, archeological, historical, linguistic, and anthropological studies and reconcile contradicting genetic findings regarding European Jewish ancestry (Polak 1951; Patai and Patai 1975; Wexler 1993; Brook 2006; Kopelman et al. 2009; Sand 2009 We conclude that the genome of European Jews is a tapestry of ancient populations including Judaized Khazars, Greco-Romans and Mesopotamian Jews, and Judeans and that their population structure was formed in the Caucasus and the banks of the Volga with roots stretching to Canaan and the banks of the Jordan.
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Supplementary figures Table S1 -mT Haplogroups (table) . Table S3 ). The major migrations that formed Eastern
European Jewry according to the Khazarian and Rhineland Hypotheses are shown in yellow and brows, respectively. (Table S3) . Here, the three Netherland Jews were grouped with Eastern European Jews due to their shared similarity. 
